The addition of non-renormalizable terms involving the Higgs fields to the MSSM ( 
I. INTRODUCTION
The smallness of the quartic Higgs coupling in the framework of the minimal supersymmetric standard model (MSSM) poses a problem. The tree level bound on the Higgs mass is violated, and large enough loop corrections to satisfy the lower bound on the Higgs mass suggest that the stop sector has rather peculiar features: at least one of the stop mass eigenstates should be rather heavy and/or left-right-stop mixing should be substantial.
The situation is different if the quartic Higgs couplings are affected by new physics. If the new physics appears at an energy scale that is somewhat higher than the electroweak breaking scale, then its effects can be parameterized by non-renormalizable terms. The leading non-renormalizable terms that modify the quartic couplings are [1, 2, 3, 4, 5, 6, 7] :
where Z is a SUSY-breaking spurion:
The first term in Eq. (1) is supersymmetric, while the second breaks supersymmetry (SUSY).
In the scalar potential, the following quartic terms are generated:
where
The interplay between the Higgs sector, the stop sector, and the non-renormalizable (NR) operators has interesting consequences for the MSSM baryogenesis [8] . The window for MSSM baryogenesis is extended and, most important, can be made significantly more natural. In addition, these operators have implications for yet another cosmological issue, and that is dark matter [9] . In this work we present an extended analysis of the results for both the electroweak phase transition and the dark matter relic abundance in the BMSSM.
One of the attractive features of the MSSM is the fact that the lightest R-parity-odd particle (LSP) is a natural candidate for being the dark matter particle. Progress in experimentally constraining the MSSM parameter space restricts, however, the regions where the dark matter is quantitatively accounted for to rather special regions of the MSSM: the focus point region, with surprisingly heavy sfermions; the funnel region, where the mass of the CP-odd neutral Higgs scalar is very close to twice the mass of the LSP; the co-annihilation region, where the mass of the scalar partner of the right-handed tau is very close to the mass of the LSP; and the bulk region, where the bino-LSP and the sleptons are light.
The effects of the NR operators are potentially important for two of these four regions. First, these operators give rise to a new Higgs-Higgs-higgsino-higgsino interaction Lagrangian,
which contributes to the annihilation process of two higgsinos to two Higgs particles. This effect is relevant when the dark matter particle has a significant component of higgsinos, as is the case in the focus point region. Second, as mentioned above, these operators modify the relation between the light Higgs mass and the stop masses. This effect can be important in the bulk region within models where the slepton and stop masses are related, such as the mSUGRA models. In this work, we will study these effects and assess their quantitative significance.
The plan of this paper is as follows. In Section II we present the BMSSM spectra of the Higgs, neutralino and chargino sectors, and the implications for the stop spectrum. In Section III we describe the BMSSM modifications to the annihilation cross sections that are relevant to the dark matter relic abundance. In Section IV we analyze the implications of the BMSSM operators for dark matter, while in Section V we explore the parameter space where the electroweak phase transition (EWPT) is strongly first order, as required for successful baryogenesis. We summarize our conclusions in Section VI.
II. THE SPECTRUM

A. The Higgs sector and light stops
The δ m 2 h contribution relaxes the constraints on δ t m 2 h in a significant way. In fact, δ t m 2 h ≤ 0 is not excluded (in this respect we disagree with the conclusions of [7] ). Thus, for 1 ∼ < −0.05 and tan β ∼ < 10, the two stop mass eigenstates can be as light as the top quark, or one could be as light as the direct experimental lower bound with the other only slightly heavier than the top.
B. Neutralinos
The neutralino mass matrix is given by
The transition to the neutralino mass basis is obtained with a unitary matrix Z:
, m
The gaugino fraction in the LSP is defined as
while the higgsino fraction is given by 1 − Rλ = |Z 13 | 2 + |Z 14 | 2 .
C. Charginos
The chargino mass matrix is given by
The transition to the neutralino mass basis is obtained with unitary matrices V and U :
III. ANNIHILATION CROSS SECTIONS
The effects of the BMSSM operators on (co)annihilation cross sections are relevant to the dark matter issue when the LSP has a significant component of higgsino, namely 1−Rλ 1.
These effects come in two ways. First, there is an indirect effect, due to the modification of the neutralino and chargino spectra. Since co-annihilation rates are very sensitive to mass splittings, this is often the more important effect. Second, there is a direct effect of the new 1 -dependent couplings which modify the (co)annihilation processes that involve Higgs scalars as mediators and/or as final states. In this section, we focus on the latter effect.
In Section IV we analyze numerically the DM relic abundance in the BMSSM, taking into account all effects.
A. Single scalar
We consider terms of the form
We denote the MSSM couplings by C 0 φ and define the modification that is induced by the 1 terms as follows:
As concerns the emission of a single neutral scalar in the annihilation of two neutralino LSPs, we obtain the following δ φ 's:
.
As concerns the emission of a single charged scalar in the co-annihilation of the neutralino LSP with the lightest chargino, we obtain the following δ H − 's:
The R and L sub-indices correspond to P R and P L which project a Dirac higgsino onto the lower and upper Weyl fermion, respectively. Thus, C H − R is the coupling of the
To get some intuition about the expected size of the correction to the MSSM annihilation cross section, we can estimate from the above expressions that the relative size of the correction, κ:
Thus, if there is a new physics threshold at around 5 TeV, and the higgsino component in the LSP is of order ten percent, then the correction to the annihilation cross section is of order ten percent. To make contact with the scalar spectrum, it is also useful to represent
Eq. (26) in terms of 1 and µ,
As the new physics threshold scales like ∼ µ/ 1 , it is difficult to envisage a phenomenologically acceptable scenario exhibiting µ ∼ m W simultaneously with 1 ∼ 0.1. Hence some suppression is to be expected from the combination of mass and factors in (27) . This implies that the BMSSM modification to the relevant MSSM annihilation processes is at most of O(10%) in generic cases.
B. Two scalars
We consider terms of the formÑ
where y ab has mass dimension of −1. Keeping only potential s-and p-wave contributions, we obtain for the annihilation cross section into φ a φ b :
where mÑ 1 is the LSP mass, c ab = 2(1 + δ ab ), S is the center-of-mass energy squared,
In terms of the Lagrangian parameters, we have
The dimensionless Y ab couplings are given by
Co-annihilation proceeds via terms of the form
with y e , y o complex. The cross-section is given by an expression similar to Eq. (29) , provided that the neutralino-chargino mass difference is neglected, taking c ab = 1, and making the
To get some intuition about the expected size of the correction to the MSSM annihilation cross section, let us consider the case of a higgsino LSP, Rλ ≈ 0, wherein the couplings (33) and (36) 2 . Note, however, that in the relevant scenario co-annihilations are important and so further numerical study is required to assess the full impact of the BMSSM. Below, we proceed to perform this study.
IV. THE DARK MATTER RELIC DENSITY
As deduced from the WMAP satellite measurement of the temperature anisotropies in the Cosmic Microwave Background, cold dark matter makes up approximately 23% of the energy of the Universe [13] . The DM cosmological density is precisely measured to be
at 68% CL. The accuracy is expected to be improved to the percent level by future measurements at Planck satellite [14] .
We calculate the dark matter relic density in the presence of the 1 couplings using a modified version of the code MicrOMEGAs [15] , where we implemented the BMSSM HiggsHiggs-higgsino-higgsino couplings of Eq. (5). The leading 1,2 -induced corrections to the MSSM Higgs spectrum, Eq. (10), were implemented using the code SuSpect [16] .
The BMSSM framework, if relevant to the little hierarchy problem that arises from the lower bound on the Higgs mass, assumes a new physics scale at a few TeV. Since the new degrees of freedom at this scale are not specified, the effect of the new threshold on the running of parameters from a much higher scale cannot be rigorously taken into account.
It therefore only makes sense to study the BMSSM effects in a framework specified at low energy. In order to demonstrate some of the most interesting consequences of the BMSSM operators for dark matter, we will employ two such sets of parameters: a model where all sfermion masses are correlated, and a model where the only light sfermions are the stops.
The first model demonstrates how the so-called bulk region is re-opened, even for correlated stop and slepton masses. The second model incorporates the interesting process of stop coannihilation. For both models we focus our attention mainly on regions where the stops are light, since the main motivation for the BMSSM operators is to avoid a heavy stop (which is the cause of the little hierarchy problem) and, furthermore, this is the region that is relevant to BMSSM baryogenesis. Previous analysis in the context of the MSSM with a light stop were done in [17, 18, 19] .
A. Correlated stop-slepton masses
The most natural dark matter scenario within the MSSM framework could have been that of a light bino, annihilating to the standard model leptons via light slepton exchange.
This scenario is known as the "bulk region" of the MSSM. However, in some of the most intensively studied MSSM scenarios, such as the mSUGRA [20] or cMSSM frameworks, the part of the bulk region that is allowed became smaller and smaller as the experimental lower bound on the Higgs mass became stronger. The generic reason for this is that a stronger lower bound on the Higgs mass requires a heavier stop which, in these frameworks, further implies heavy sleptons. One way to re-open the bulk region is to assume a framework where the stop and the slepton masses are not correlated. The BMSSM, however, re-opens the bulk region in a different way: the stop is not required to be heavy anymore.
In order to understand these implications of the BMSSM framework and, in particular, in order to allow for a simple comparison with mSUGRA-like models, we investigate the following framework. The MSSM parameters that we use are those that would have corresponded to an mSUGRA model specified by the five parameters
Thus, the correlations between the low energy MSSM parameters are the same as those that would hold in an mSUGRA framework. In other words, our low energy parameters are expressed in terms of the parameters in (38) approximately as follows [21] :
The values of µ 2 and m 2 A depend on the soft breaking terms and on the electroweak breaking parameters in the standard way. Let us emphasize again that one should not think about this set of parameters as coming from an extended mSUGRA model, since the effects of the BMSSM physics at the few TeV scale on the running are not (and cannot) be taken into account. In addition, we have two extra BMSSM parameters: 1 and 2 . We focus essentially on the effects of 1 .
In practice, we make discrete choices of tan β, A 0 , sign(µ) and 1 , and scan over m 0 and m 1/2 . We focus our attention on moderate values of m 1/2 and m 0 because we are mainly interested in light sfermions and the bulk region. can not be used to exclude regions in the mSUGRA-like parameter space considered in this section. We will return to the issue of vacuum stability in Section IV B. There, quantum corrections due to stops will be held moderate and fixed, resulting with precise application of Eq. (40) to exclude significant portions of the parameter space.
As concerns precision electroweak data and low energy processes, it is important to realize that the new physics that generates the non-renormalizable operators can directly modify the constraints that come from these measurements. 
B. Light stops, heavy sleptons
The aim of this section is to further expose various implications of the BMSSM for the DM relic abundance, putting special emphasis on parameter regions compatible with a strong first order electroweak phase transition, as required for baryogenesis. In particular, we are interested in the scenario of light, unmixed stops. As mentioned above, LSP coannihilation with stops is not a viable possibility if the low energy soft supersymmetry breaking parameters obey relations similar to those that would follow from mSUGRA-like theory, unless stop mixing is very large. To explore this possibility in the BMSSM, we employ a set of low energy parameters that is different from the previous subsection. Explicitly, in addition to the BMSSM i parameters, we consider the following set of parameters:
where mf is a common mass for the sleptons, the first and second generation squarks, and
To demonstrate our main points, we fix the values of all but two parameters as follows: 1 = 0 or −0.1, 2 = 0 or +0.05, tan β = 3 or 10, X t = 0, m U = 210 GeV, m Q = 400 GeV, mf = m A = 500 GeV. This scenario gives rise to relatively light stops:
We scan over the remaining two parameters, M 2 and µ.
In the prescribed framework, one can identify four regions in which the WMAP constraint is fulfilled:
-The 'Z-pole' region in which the LSP is very light,
M Z ∼ 45 GeV, and the s-channel Z exchange is nearly resonant. This region is not ruled out only in scenarios where the mass splitting between M 1 and M 2 at the electroweak scale is very large.
-The 'h-pole' region in which the LSP is rather light,
M h , and the s-channel h exchange is nearly resonant, allowing the neutralinos to annihilate efficiently [22] .
-The 'mixed region' in which the LSP is a higgsino-bino mixture [12] , M 2 ∼ 2µ, which enhances (but not too much) its annihilation cross-sections into final states containing gauge and/or Higgs bosons: χ -The 'stop co-annihilation' region, in which the LSP is almost degenerate in mass with the lightest stop (t 1 ). Such a scenario leads to an enhanced annihilation of sparticles since the χ 0 1 −t 1 co-annihilation cross-section [25, 26] is much larger than that of the LSP. For large values of the µ parameter, the BMSSM operators destabilize the scalar potential.
The regions above the horizontal dashed lines in Fig. 2 exhibit a metastable electroweak vacuum, following from the violation of Eq. (40) which requires µ ∼ < m A . Similarly to the situation in the previous section, points right above the approximate analytical stability line may still be acceptable, as the stability constraint is somewhat alleviated by quantum corrections. However, with stop parameters as specified, computing the tunneling action for the middle and lower right panels reveals that the limit dictated by Eq. (40) is in fact accurate to better than 15%. Hence a significant portion of the parameter space in the middle and lower right panels is indeed excluded by stability considerations.
The role of 2 can be seen from the lower two panels. It alleviates the stability constraint and slightly increases the Higgs mass. The 2 -related effect on the Higgs mass is suppressed by tan 2 β and consequently it is much more pronounced in the tan β = 3 case than in the tan β = 10 case.
V. THE EWPT IN THE BMSSM
To study the electroweak phase transition, we analyze the finite temperature effective potential at two-loop order for the light scalar field. Detailed analyses for the case of the MSSM have been performed in Refs. [28, 29, 30, 31] . Here we focus on the region of parameter space of large m A , for which there is a single light Higgs field at the phase transition. We review the main effects found in Ref. [8] and study in more detail the interplay between the relevant parameters. We write the effective potential at finite temperature as follows:
The leading contributions to the γ-term and the E-term arise at one-loop. The γ-term is further corrected at two-loops by the so-called D SV and D SS terms [28] . The B-term contains the dominant two-loop corrections in the MSSM, which arise from the D SSV and D SSS diagrams that contribute with a logarithmic dependence [28] . 
We now discuss the various relevant parameters (E, B, λ) and their dependence on the MSSM parameters.
The cubic term arises in the regime for which the high temperature expansion of the bosonic one-loop contribution to the effective potential is valid. We write
The SM contribution is given by
The dominant MSSM contribution comes from the stops (we provisionally neglect thet L −t R mixing):
The finite temperature stop masses are given by
where we neglect contributions from the U (1) Y gauge bosons in the field dependent terms.
To maximize the value of E MSSM , one would like to take negative values of m 2 Q and m
that would cancel the thermal masses, yielding a purely cubic form in φ [29] :
Eq. (50) illustrates the effect of the stops and gives, to leading order, what would be an upper bound on the strength of the phase transition for the MSSM. It is impossible, however, to make the selection (49) simultaneously for both stops, due to constraints from the ρ parameter and the experimental bound on the sbottom mass (through its dependence on m Q ).
The two-loop stop contribution to the finite temperature potential, which can increase φ(T c ) via its effect on B, is given by
The effect is maximal when the limit of Eq. (49) is realized:
Other logarithmic terms tend to diminish the value of B [28] . Note, however, that the net two-loop contributions to Eq. (44) is the same when considering the maximal contributions from both stops or from a single one of them.
The strength of the phase transition is further affected by the quartic coupling λ. At zero temperature, it is related to the Higgs mass via m
Eq. (53) is valid for large m A and large tan β. It includes the leading one-loop corrections.
The 2 dependence is dropped. Adding in the leading finite temperature correction, we have Thus, we can estimate,
We now consider three specific cases. We use different values of the non-renormalizable contribution ( 1 ) and the loop contribution (mt L mt R ), but in such a way that m h is fixed at the experimental lower bound. In the region of the parameter space where the EWPT is strong enough, a minimum where colour is broken might develop [29] . If the temperature where this minimum becomes as low as the potential at the origin, T U c , is higher than the critical temperature for the EWPT, T φ c , then the Universe is likely to end up in the colour breaking minimum. Thus, this region is excluded [32] . When the two stops are light enough, T GeV. Each same-colour pair of (solid and dashed) lines corresponds to the same set of parameters.
We learn that the greater freedom in the values of the different parameters that affect the Higgs boson mass -tan β, mt L , mt R -implies that the allowed regions are similar to those identified in the early analyses of the EWPT [30] .
Two final comments are in order. First, note that the inclusion of non-renormalizable operators of dimension six could modify the results. In particular, it is clear that for large m A , such terms can induce additional contributions like those identified in Ref. [33] . Vacuum stability considerations must be carefully taken into account in this case.
Second, as pointed out in Refs. [5, 8] , the non-renormalizable operators can induce new sources of CP violation in the scalar Higgs sector, that would modify the production mechanism of the baryon asymmetry of the Universe. These new sources could provide a relief to the tension between the large phases required to produce the BAU and the contributions to the electric dipole moments. Additionally, even in the absence of CP violation in the scalar Higgs sector, modifications to the EDMs arise from the new interaction terms between the Higgs bosons and the higgsinos [4] . These issues will be further studied elsewhere.
VI. CONCLUSIONS
The main motivation to add non-renormalizable operators to the MSSM Higgs sector is to reduce the fine-tuning that is required by the lower bound on the Higgs mass. We have shown that, in addition, these operators have implications for cosmology that are very welcome: Regions of the supersymmetric parameter space that are favored by the dark matter constraints and by the requirement for a strong first-order electroweak phase transition, but are excluded within the MSSM, become viable within the BMSSM.
As concerns dark matter, a particularly important feature of the BMSSM is that the bulk region, for which the LSP is mostly bino-like and the sfermions are relatively light, can provide the adequate contribution to the energy density of the Universe while still satisfying the collider constraints on the Higgs boson as well as on the supersymmetric particle spectrum. Light stops co-annihilating with the LSP could have been active players in driving the dark matter relic density to its present value. It is also possible that nearly resonant LSP annihilation proceeded through exchange of the lightest Higgs particle itself.
If light stops are indeed found in upcoming experiments, large BMSSM corrections will be implied. In this scenario, parameter regions where µ is large (exhibiting some heavy neutralinos and charginos) will be significantly constrained by the requirement of vacuum stability.
As concerns the electroweak phase transition, the BMSSM has a dramatic effect when determining the range of parameters for which the phase transition is sufficiently strong to suppress sphaleron transitions in the broken phase. The fact that large stop-related radiative corrections to the Higgs mass are not required, allows light stop degrees of freedom to affect the dynamics of the phase transition by enhancing their contributions to the magnitude of the order parameter at the critical temperature.
Note added:
Upon completion of this work, a related paper [34] has appeared. Where the two analyses overlap, we confirm their results.
